Bacterial collagenases exhibit a multimodular domain organization. While the N-terminal collagenase unit harbors the catalytic zinc and suffices to degrade peptidic substrates, collagen substrates come in different types, explaining the requirement for accessory domains such as polycystic kidney disease (PKD)-like domains for efficient catalysis. How the recognition and unfolding of (micro-)fibrillar or triple-helical collagen is accomplished are only poorly understood. Here, we present the crystal structure of the PKD-like domain of collagenase G from Clostridium histolyticum. The b-barrel structure reveals a two-tier architecture, connected by kinked hinge segments. Together with sheet extension as a generic oligomerization mechanism, this explains the cooperativity among accessory domains as well as their adaptivity to varying substrates.
Clostridial metalloproteases such as collagenase G (ColG) or H (ColH) from Clostridium histolyticum are large multimodular zinc proteases built up by an N-terminal catalytic collagenase domain plus at least two accessory domains believed to function in collagen recruitment. The exact number and type of these accessory domains vary with bacterial collagenases, as exemplified by ColG and ColH as well as ColT from Clostridium tetani. Whereas ColG possesses one polycystic kidney disease (PKD)-like domain and two collagen binding domains (CBD), ColH contains two PKD-like domains and only one CBD, and ColT contains two CBDs but no PKD-like domain. Despite this variability, the PKDlike domains are always positioned upstream to the CBD(s) in all bacterial collagenases known to date (Matsushita et al., 1998 Jung et al., 1999; Bruggemann et al., 2004; Watanabe, 2004; Rawlings et al., 2008) .
The physiological role of the accessory domains is still not completely settled. For CBDs, one key function is reflected in their name; additional CBD functions can be inferred by their sequence relation to the bacterial prepeptidase C-terminal domain family, which is thought to be involved in the secretion and maturation of bacterial peptidases (Yeats et al., 2003; Yan et al., 2009; Finn et al., 2010) . The functional relevance of PKD-like domains is even less clear and controversial. For the PKD-like domain derived from ColG, no binding to insoluble collagen could be detected, suggesting that PKD-like domains act as an interdomain structure between the catalytic domain and the CBDs (Matsushita et al., 1998) . By contrast, Wang and co-workers (2010) recently demonstrated that the PKD-like domain of the serine protease deseasin MCP-01 could not only bind to collagen but also swell microfibrils and expose collagen monomers, thereby improving the collagenolytic efficiency of the catalytic domain.
The PKD-like domain is an approximately 85-amino-acid module that was originally found as a product of the human polycystin-1 gene. PKD-like domains were later identified in many biopolymer hydrolases such as chitinases, cellulases, and proteases, and also in archaeal surface layer proteins (Perrakis et al., 1994; Ahsan et al., 1996; Oda et al., 1996; Jing et al., 2002; Miyamoto et al., 2002; Orikoshi et al., 2005; Najmudin et al., 2006) . Despite their distribution in all three kingdoms of life, the functional role of PKD-like domains has remained elusive in many cases (Orikoshi et al., 2005) . Like the clostridial CBDs, the PKD-like domain adopts a b-barrel fold built up from two b-sheets that pack together with a well-defined hydrophobic core (Bycroft et al., 1999; Wilson et al., 2003) .
Here, we present the crystal structure of the PKD-like domain of ColG from C. histolyticum. We discuss the presence of a putative N-terminal Ca 2q -binding site and its significance in interdomain orientation. We further compare extracellular all-b proteins and analyze how the structural framework serves to adapt to and interact with large dynamic substrates.
The PKD-like domain of collagenase G (I799-N880; numbering according to Swiss-Prot entry Q9X721; molecular mass: 9.44 kDa) was expressed in Escherichia coli, purified by a three-step chromatography protocol, and crystallized using the vapor diffusion technique. Crystals diffracted up to 1.18 Å (Figure 1 ). Diffraction data were processed (Leslie, 1992; Evans, 2006) and the structure was solved using programs of the CCP4 package (CollaborativeComputational-Project, 1994) , with the Protein Data Bank (PDB) entry 2c26 serving as search model (Najmudin et al., The PKD-like domain of ColG was cloned, expressed, and purified via a cleavable N-terminal His-tag as described previously for other clostridial collagenase constructs (Eckhard et al., 2008 Ducka et al., 2009 2006). The structure was refined with excellent crystallographic and geometric reliability scores such as R work s14.7% and R free s18.0 (Table 1) . The model was validated using the programs PROCHECK (Laskowski et al., 1993) , WHAT-CHECK (Hooft et al., 1996) , and NQ-Flipper (Weichenberger and Sippl, 2006) . All residues are defined by electron density. Coordinates and reflection files of the PKD-like domain of collagenase G have been deposited in the PDB under accession code 2y72. The PKD-like domain structure reveals a b-barrel structure that is composed of seven b-strands forming two major sheets A and B ( Figure 2A ). Several details of the structure are remarkable and intriguing. First, the segmented strand 1 contributes to both sheets; s1 a and s1 b participate in sheet A, while s1 c is part of sheet B (Figure 2A) . Second, the b-barrel features a two-tier architecture (Figure 2A , B). Sheet A is divided into two subsheets A bottom and A top , built from the strands s1 a and s2 b , and s1 b , s2 a , and s5, respectively. A bottom and A top are connected by kinked hinge segments that are implemented by K801 and D820 (Figure 2A , C). Similarly, sheet B can be divided into subsheet B bottom (s3, s4, s6, s7) and B top (s1 c , s6, s7) ( Figure 2C ). Strands s6 and s7 extend over both stories, not only rendering sheet B more rigid than sheet A but also conferring stability to the complete b-barrel architecture.
Both sheets pack together face-to-face around a welldefined hydrophobic core (V802, F816, F835, V858, L860), with the highly conserved tryptophan W833 in its center ( Figure 2B ). Positioned on strand s3, W833 thus forms the nucleus of stabilizing interactions with both stories of both sheets. The structure thus explains how W833 critically contributes to the overall fold stability. This conserved tryptophan was shown to be essential for the collagen binding of the homologous PKD-like domain of collagenase MCP-01 from Pseudoalteromonas sp. SM9913 (Wang et al., 2010) . However, our structure shows that the tryptophan does not directly mediate the collagen interaction. Consequently, W833 does not contribute directly to collagen binding; the diminished collagen binding of the W833A mutant is therefore caused by the destabilization of the b-barrel.
In the present crystal form as well as in an alternative crystal form of poorer quality, we found the PKD-like domain to adopt a dimeric arrangement, whereby the two molecules were related by an approximately 1808 rotation ('noncrystallographic symmetry'). Hereby, the A top sheets from two molecules combine to form an extended antiparallel 'super-sheet' consisting of ≠s5, xs2, ≠s1 b , xs1 b , ≠s2, and xs5. While this observation demonstrates an intrinsic tendency for dimerization at high concentrations, dimerization was not found in solution, e.g., gel filtration chromatography. This finding explains how several PKD-like domains may interact if more than one PKD-like domain is present in the collagenase, e.g., ColH. The covalent linkage of the PKDlike domains resembles the situation of very high concentrations, such as in the crystalline state. Given the position of the N-and C-terminus on opposing sides (bottom and top, -binding residues of 2c26 (N4, Q5, D33, D35, D76) and the homologous residues are highlighted in blue letters (see Figure 4) . The highly conserved WDFGDG motif including two key residues of the hydrophobic core is framed. The putative Ca 2q -binding site is indicated with a red star (see Figure  4) . respectively, see Figure 2 ), the tandem arrangement of PKDlike domains can ideally extend their sheet A. The finding further suggests a specific mechanism on how PKD-like domains may associate with other all-b structures, in particular the CBD present in all bacterial collagenases. Importantly, the sheet extension occurs on the hinged A-sheet, which can perfectly adapt to various states of the collagen substrate.
Structure superimposition of four different PKD-like domains sharing the WDFGDG motif ( Figures 2C and 3) emphasizes the high flexibility of these all-b structures although the overall fold is conserved and robust. This intrinsic plasticity could explain how the modular structure consisting of small b-sandwich domains can deal with not only (i) different interaction partners (adapter function) but also (ii) different quaternary arrangements of interaction partners, such as the transition of tendon to fibrils to microfibrils to the triple helix during collagen degradation.
Bacterial collagenases, and in particular its accessory domains, were long known to be Ca 2q dependent (Bond et al., 1981; Bond and Van Wart, 1984) . Ca 2q binding to PKD-like domains was initially resolved by the crystal structure of the PKD-like domain derived from an endoglucanase (PDB entry 2c26; Najmudin et al., 2006) . In this structure, six proteinaceous ligands arrange to build an octahedral coordination sphere for the calcium. Using the 2c26 template, we built a homology model of a Ca 2q -loaded PKDlike domain of ColG (Figure 4) . The homology modeling can be reliably performed because all Ca 2q -coordinating side chains are conserved, as they are present in all PKD-like domains of clostridial collagenases ( Figure 2C ). These are the backbone carbonyl of K796 (Gln in 2c26) as well as the side chains of N795, D825, D864, and D823 whereby the latter coordinates the metal in a bidentate fashion. This model explains why the PKD-like domain variant in our crystal form could not be loaded with Ca The PKD-like domains of the PDB entries 2y72, 2c26 (Najmudin et al., 2006) , 1b4r (Bycroft et al., 1999) , and 1l0q (Jing et al., 2002) , shown in red, yellow, green, and blue, respectively, were superpositioned using the program TopMatch (Sippl and Wiederstein, 2008) . The highly conserved tryptophan is shown as sticks. The models were created using PyMol (DeLano, 2005) . the b-barrel domain (Wilson et al., 2003) . Wilson and colleagues identified a remarkable conformational transition of the N-terminus when comparing the apo form of CBD (1nqj) with the holo form (1nqd). In the absence of calcium, the linker adopts an a-helix. Upon calcium binding, the linker unwinds and forms an additional b-strand, changing the relative position of the N-terminus to the C-terminus ( Figure  5 ). This rearrangement is of particular interest, as it will influence the relative orientation within multidomain proteins.
To test whether similar rearrangements accompany Ca 2q binding in the PKD-like domain, we used ColG crystals containing the N-terminal collagenase domain and the PKD-like domain, but lacking the C-terminal CBDs. These crystals were grown in the absence of Ca 2q and left the PKD-like domain mostly disordered, while the collagenase module was well ordered (Eckhard et al., 2011) . Addition of Ca 2q to the crystals rapidly cracked and dissolved the crystals, strongly suggesting that the metal enforces and stabilizes a fixed arrangement of the PKD-like domain relative to the collagenase domain that happened to be incompatible with crystal packing (Figure 4) . These results reveal that the PKD-like domain and CBD of ColG share a common mechanism of metal-induced interdomain realignment.
In the recent crystal structure of ColG, the PKD domain was contained, albeit not resolved to atomic detail. However, the PKD-like domain could be positioned within an envelope relative to the collagenase unit (Eckhard et al., submitted for publication). Despite the resulting imprecision of ;10 Å , the orientation relative to the collagenase unit helps rationalize how all ColG domains cooperate in substrate recognition ( Figure 6 ). For this purpose, the arrangement of the accessory domains has been modeled analogously to the sheet extension mechanism, as found in the crystal structure of the isolated PKD-like domain. The Ca (Eckhard et al., in press ), but modeled using the sheet extension mechanism, as revealed by the PKD-like domain dimer structure, and the known collagen binding interface of the CBD (Wilson et al., 2003) . The modeled ColG domain arrangement nicely matches with the diameter of a collagen microfibril, shown in gray.
The existence of multiple, Ca 2q -dependent conformations in the accessory domains as well as open and closed conformations in the collagenase module allows for an integrated model of collagenase processivity. Hereby, we envision processivity as a two-dimensional process: (i) the successive, flush, and complete cleavage of all three a-chains of triplehelical collagen (and further, all triple helices in microfibrillar collagen) and (ii) the successive translational movement and subsequent cleavage along the collagen axis. We propose these two processivity dimensions to be reflected by two orthogonal dimensions of conformational changes: (i) the lateral pliers movement by the activator and protease domains and (ii) the longitudinal movement by the accessory domains relative to the collagenase module. The latter movement might be accompanied by a switch from a fully calcium-loaded state to a partially unloaded state. As mentioned above, extracellular calcium alone will likely not suffice to trigger this proposed conformational switch. We propose that an additional stimulus by the collagen substrate/product will trigger this longitudinal movement. It is just amazing to see how well this proposed longitudinal movement matches with the inchworm-like ratcheting motion, proposed by Overall and Butler (2007) .
The PKD-like domain and CBD of clostridial collagenases are, at best, very distantly related, as might be postulated from their shared immunoglobulin-like b-sandwich fold. No relationship between PKD-like domains and CBD can be deduced from the sequence level. Therefore, the similarities and analogies between the PKD-like domain and the CBD are remarkable and intriguing. They include (i) structurally similar building blocks: both domains are built up by bsheets, albeit with partly different orientation of the individual strands (compare Figures 2A and 5) ; furthermore, in both cases, two distinct b-sheets are cross-linked by a welldefined hydrophobic core (e.g., W833 of the ColG PKD-like domain is equivalent to W947 and W1066 in the ColG CBDs); (ii) N-terminal calcium switch: both domains share an N-terminal calcium switch essential for interdomain alignment but not for the overall domain fold ( Figures 4 and 5) ; and (iii) common target substrates: both domains are known to interact with large biopolymers. Interestingly, different PKD-like domains seem to be capable of interacting with different partners such as collagen (Wang et al., 2010) and chitin (Orikoshi et al., 2005) . Analogously, clostridial CBDs exhibit a remarkable capacity to flexibly adapt to their binding partners. This capacity is witnessed by their binding to collagen fibrils independent of their diameter .
These findings make it very likely that the 'co-localization' with the same enzyme and substrate enforces and converges the observed coherence of molecular properties. As a con-clusion, we should reject the proposed spacer-domain role of the PKD-like domain. Instead, we favor a division-of-labor model for clostridial collagenases, where every domain executes its distinct function or domains cooperate to fulfill their mission. Functional domain assignments consistent with experimental evidence are as follows: (i) the CBD(s) locate and anchor the enzyme to any kind of collagen through specifically recognizing their triple-helical conformation; (ii) the PKD-like domain(s) swell and further prepare the collagen molecules but without unwinding the triple helix; (iii) the catalytic domain degrades the prepared collagen entities from microfibrils of 35 Å diameter downward; and (iv) Ca 2q plays a key role in the alignment of the individual domain to each other.
